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Abstract

The human DNA repair factor CtIP helps to initiate the resection of double-stranded DNA breaks for repair by homologous recombination, in
part through its ability to bind and bridge DNA molecules. However, CtIP is a natively disordered protein that bears no apparent similarity to
other DNA-binding proteins and so the structural basis for these activities remains unclear. In this work, we have used bulk DNA binding, single
molecule tracking, and DNA bridging assays to study wild-type and variant CtIP proteins to better define the DNA binding domains and the
effects of mutations associated with inherited human disease. Our work identifies a monomeric DNA-binding domain in the C-terminal region
of CtIR CtIP binds non-specifically to DNA and can diffuse over thousands of nucleotides. CtlIP-mediated bridging of distant DNA segments is
observed in single-molecule magnetic tweezers experiments. However, we show that binding alone is insufficient for DNA bridging, which also
requires tetramerization via the N-terminal domain. Variant CtIP proteins associated with Seckel and Jawad syndromes display impaired DNA
binding and bridging activities. The significance of these findings in the context of facilitating DNA break repair is discussed.
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The human DNA repair factor CtIP was originally discov-
ered as an interaction partner for the CtBP transcriptional co-
repressor but is now best-characterised for its important role
in the initiation of double-stranded DNA break (DSB) repair
(1,2). CtIP dysfunction is implicated in cancer and the pro-
tein has been described as both a tumour suppressor and an
oncogene in different contexts (3,4). CtIP is mutated in Jawad
and Seckel-2 syndromes which are recessively inherited dis-
eases characterised by neurodevelopmental defects and micro-
cephaly. These syndromes are caused by exonic frameshift and

ing C-terminally truncated forms of the protein (Figure 1A)
(5). However, early onset breast cancer and a Seckel-like dis-
ease have also been reported to be associated with a point mu-
tation (R100W) in the N-terminal region of the protein (6,7).
Interestingly, in cell lines derived from Seckel-2 patients, full
length CtIP is present in cells at normal levels but is accom-
panied by the variant which lacks the C-terminal domain and
acts in a dominant negative manner to inhibit DSB repair (35).

In eukaryotic cells, DSB repair proceeds through multiple
degenerate pathways including homologous recombination

Received: January 10, 2024. Revised: June 5, 2024. Editorial Decision: June 7, 2024. Accepted: June 13,2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1093/nar/gkae538
https://orcid.org/0000-0003-4083-1709
https://orcid.org/0000-0002-4612-7141

8304

Nucleic Acids Research, 2024, Vol. 52, No. 14

A
L27 R100 N289/H290 K513/K515 AJAWAD ASECKEL R839
WT (1-897) [ [ [ 1 o
4 A A PN Y Y . Tet.ramerl.sauon
Rb FANCD2 BRCA1 APC/C CtBP PCNA  LMO4 |:| Coiled-coil
AC782 (1-782) [ | 1 [ or motit
Sae2-like
AC608 (1-608) [ [ [T 1 O
ANS500 (500-897) [ |
AN541 (541-897) O
ANT90 (790-897) I
rg}'“
® PR & o QQ‘P
S b W t@ )
L FELE
v v v v

i
" CC @iy

l

Figure 1. CtIP domain organisation and constructs used in this study. (A) Primary structure diagrams for wild type and CtIP deletion variants used in this
study coloured according to domain organisation. The wild type sequence also indicates the positions of key amino acids and protein interaction sites
above and below the sequence bar respectively. See main text for more information. (B) Purified proteins used in this study analysed by SDS-PAGE. The
suffixes a and b indicate different SEC fractions of the same preparation (see text for details).

(HR) which requires an additional DNA molecule to act as
a template for faithful repair. The complex DNA transactions
which promote HR require co-ordination of the two free DNA
ends originating from the break site with a homology donor
molecule; typically, the sister chromatid (8,9). The process is
initiated by the resection of DSBs via the collective action of
DNA binding proteins, helicases, and nucleases, leading to the
formation of long 3'-terminated ssDNA overhangs. These are
substrates for RADS1-mediated homology search, strand in-
vasion and subsequent steps of recombinational repair (8). Re-
section is a key control step for DSB repair, as extensive re-
section in the absence of a suitable donor template DNA can
result in genomic instability. Consequently, DSB resection is
tightly regulated and promoted during the S/G2 phases of the
cell cycle. Nevertheless, DSB resection can also play a role in
initiating alternative, highly mutagenic, DSB repair that does
not use a homology donor including the single-strand anneal-
ing and micro-homology-mediated end joining pathways (10).

CtIP plays an important and multifaceted role in DSB re-
section but remains poorly characterised at the molecular
level (for reviews see (11-13)). It is involved in HR activa-
tion in response to the cell cycle and DNA damage through
CDK- and ATM-dependent phosphorylation of the $327,
T847 and T859 residues (14-17), and acts as a component of
the BRCA1-C complex (18-22). CtIP phosphorylation at $327
promotes association with BRCA1 (23,24), whereas phospho-

rylation at T847 and T859 facilitates CtIP’s role as a cofactor
for MRN-dependent DNA end processing (14,25-27), at least
in part by promoting physical interaction between the CtIP
C-terminus and the Nbs1 subunit of MRN (28). Together, ac-
tivated CtIP and MRN recognise and process ‘complex’ DSBs
in preparation for long range resection by removing tightly-
or covalently-bound proteins or nucleic acid secondary struc-
tures (29-32). CtIP also promotes long range resection by re-
cruiting and/or activating additional factors including EXO1
and DNA2 at the broken DNA (33). Importantly, CtIP is it-
self a DNA binding protein that can bridge DNA molecules
in trans (34,35), a property it shares with the MRN complex
and which may be relevant to maintaining proximity between
two broken DNA ends or in mediating interactions between
broken DNA and the homology donor (36,37).

The structural basis for DNA binding and bridging by CtIP
is not understood. The protein forms a stable tetramer in a
dimer-of-dimers arrangement with an overall architecture that
resembles a dumbbell, and which can bind tightly to at least
two molecules of DNA (34,38). Each monomer comprises
an N-terminal tetramerization domain (NTD) neighbouring
a long coiled-coil region (38,39), a central disordered region
that is responsible for many protein-protein interactions, and
a C-terminal domain (CTD) which is conserved in the yeast
orthologue Sae2 (Figure 1A). Bioinformatics analyses of CtIP
primary structure do not reveal any obvious DNA binding do-
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mains, but experimental studies have implicated three regions
of the protein in the interactions with DNA. Firstly, substi-
tution of R839 in a conserved ‘RHR motif’ within the Sae2-
like domain reduces DNA binding and bridging in full length
CtIP (34,40,41). Secondly, a ‘Damage Recruitment Motif’ (DR
motif; residues 509-557 within the central disordered region)
was identified by screening deletion mutants of CtIP fused
to GFP for their translocation to laser-induced DNA damage
(42). This region of the protein alone was capable of bind-
ing directly to DNA in a manner dependent on lysine residues
K513 and KS515. Finally, it has been suggested that residues
N289 and H290 form an endonuclease active site within the
central disordered region, again implicating it in DNA recog-
nition (43). Based on the limited structural and biochemical
data available, crude models have been proposed for CtIP-
dependent DNA binding and bridging which envision the two
DNA binding sites occupying either end of the ~30 nm dumb-
bell, separated by the long coiled-coil. Together, these observa-
tions suggested to us that the N-terminal coiled-coil region of
CtIP may be dispensable for DNA binding, although its role
in tetramerising the protein might be pivotal in bridging DNA
segments 7 trans.

In this study, we investigate the structural basis for CtIP
oligomerization, DNA binding and DNA bridging using both
systematically designed N-terminal deletion constructs and
disease-associated variants (Figure 1A). Our work demon-
strates that oligomerization of CtIP is mediated by both the
NTD and central regions of the protein, and that the protein
contains a monomeric DNA binding domain in the CTD. CtIP
binds non-specifically to DNA and diffuses over thousands of
nucleotides, facilitating the bridging between distant parts of
DNA. Efficient CtIP-dependent DNA bridging requires both
DNA binding and tetramerization and is impaired in all the
disease variants tested. The sliding and bridging function of
CtIP may underpin the co-ordination of DNA ends and donor
DNA during DNA break resection and subsequent steps of
HR.

Materials and methods

Wild type and variant CtIP purification and labelling

Wild type (WT) CtIP cloned into a pACEBac1 vector (34) was
used as a template to generate deletion variants for expres-
sion in insect cells using the QuickChange IT XL site-directed
mutagenesis kit (Agilent Technologies). For bacterial expres-
sion of the AN790 variant, a synthetic gene optimised for
E. coli expression was purchased from Thermo Fisher (Gene
Art) and cloned into the pET28a plasmid. For expression of
the CtIP fragment spanning amino acids 800-843, a synthetic
gene encoding a maltose binding protein (MBP) fused to CtIP-
800-843 was purchased from GenScript and cloned into the
pET28a vector.

Expression and purification of WT-CtIP and AC variants
were carried out as detailed in (34). Purification of the AN500
and ANS541 variants was performed with modifications to the
same procedure. Briefly, Sf21 cells seeded at 500 000 cells/ml
were transfected with recombinant bacmid DNA to generate
the initial baculovirus (P1) in Insect-XPRESS™ Protein-free
Insect Cell Medium (Lonza). The P1 virus was amplified two
times (P2 and P3) by infecting larger volumes of Sf21 cells. For
large scale protein production, High-Five cells seeded at 2 mil-
lion cells/ml were infected with P3 viruses and harvested after
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72 h by centrifugation at 1000 g for 10 min. Cells were resus-
pended in buffer S containing 50 mM Tris pH 8, 50 mM NaCl,
0.5 mM TCEP, 10% glycerol, supplemented with Roche cOm-
plete™ Protease Inhibitor Cocktail EDTA-free and lysed by
sonication on ice for 3 minutes. The lysate was clarified by
centrifugation at 50 000 g for 30 minutes at 4°C and applied
to pre-equilibrated StrepTactin resin (IBA Life Sciences). The
soluble extract was incubated with the resin for one hour at
4°C with constant rotation. The resin was washed five times in
batch with 10 column volumes (CV) of buffer S each time and
2 CV of buffer W (50 mM Tris—Cl pH 8, 200 mM NaCl and
0.5 mM TCEP). The bound protein was eluted in 3 CV buffer
W supplemented with 2.5 mM desthiobiotin (IBA Life Sci-
ences). This material was then applied to a MonoQ 5/50 GL
(Cytiva) column by diluting the salt concentration to approx-
imately 100 mM. The proteins were washed and eluted with
a salt gradient up to 500 mM NaCl in buffer S. Protein frac-
tions were pooled and concentrated to a volume less than 500
ul using centrifugal filters (Amicon) of appropriate molecular
weight cut-offs and applied to a Superose 6 Increase 10/300
GL (Cytiva) in buffer G (20 mM Tris—Cl pH 8,200 mM NaCl,
0.5 mM TCEP). Finally, the proteins were concentrated as
required, supplemented with 10% glycerol and flash frozen
in liquid nitrogen and stored at —80°C. The AN790 variant
was expressed in Escherichia coli using standard IPTG induc-
tion techniques and was purified in the same manner as the
ANS500 and ANS41 variants with two exceptions; all buffers
used were set to pH 7 and, following elution from StrepTactin
resin, the sample was applied to a MonoS 5/50 GL column
(Cytiva) instead of a MonoQ column.

To further delineate the DNA binding region(s) within the
C-terminal domain (AN790), we purified a fragment of CtIP
within AN790 (amino acids 800-843) fused to MBP (MBP-
CtIP-800-43). The fusion protein was expressed in E. coli and
purified by affinity chromatography in batch using amylose
resin (New England Biolabs) followed by a gel filtration step
using the HiLoad 16/600 Superdex 200 pg (Cytiva) column.
Cells were lysed by sonication as above in buffer S (pH 7)
and applied to pre-equilibrated amylose resin. The resin was
washed with 30 CV of buffer S and the bound protein was
eluted in buffer S supplemented with 10 mM maltose. The
eluted protein was concentrated to a volume <5 ml using
appropriate centrifugal filters and applied to pre-equilibrated
HiLoad 16/600 Superdex 200 pg column in buffer G (pH 7).
Protein fractions were pooled, concentrated as necessary and
flash frozen in liquid nitrogen for storage at —80°C.

To produce biotinylated CtIP (Bio-CtIP), a modified version
of the WT-CtIP pACEBac1 plasmid was constructed contain-
ing a C-terminal Avi-tag upstream of the cleavable Strepll tag.
This protein expressed and purified in an identical manner to
wild type. After Strepll-tag cleavage and subsequent concen-
tration to 50 uM, CtIP-Avi was treated with BirA (gift from
Charles Grummit, University of Bristol) and biotin to site-
specifically biotinylate the protein (44). After SEC purifica-
tion (carried out as before) the protein was concentrated and
then tested for biotinylation efficiency by PAGE gel (measured
as ~100%). Conjugation of the biotinylated CtIP protein to
streptavidin did not affect its biochemical activities. Fluores-
cence labelling of CtIP was performed by incubation of Bio-
CtIP with the Streptavidin AlexaFluor™ 635 conjugate (Ther-
moFisher) in a 1:1 molar ratio for 10 minutes on ice (Bio-CtIP-
AF635), and then diluted to a final concentration of 10 nM
in 200 ul of reaction buffer (10 mM Tris—Cl pH 7.6, 20 mM
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NaCl,1 mM DTT and 0.1 mg/ml BSA), supplemented with 10
uM biotin to neutralize the remaining streptavidin molecules.
Note that the fluorescent streptavidin construct used here is re-
ported by the manufacturer to contain between 2 and 4 AF635
molecules per tetramer, such that a labelled CtIP tetramer may
carry as many as 16 fluorophores.

Preparation of DNA substrates for DNA binding
assays

The fork DNA substrate used in DNA binding assays were
prepared by annealing HPLC-purified synthetic oligonu-
cleotides (Fork F and Fork R) with a 5° Cy5 or HEX label
on one strand (see Supplementary Table S1 for sequences).
The annealing reaction was performed by heating equimolar
amounts of both strands (25 uM each) in 50 mM Tris—Cl pH
8,150 mM NaCl, 1 mM EDTA for 10 minutes and allowing
them to cool slowly overnight.

Size exclusion chromatography coupled to
multi-angle light scattering (SEC-MALS)

Protein samples within the concentration range 0.5-1 mg/ml
were injected onto pre-equilibrated Superose 6 10/300 size-
exclusion chromatography column (GE Healthcare) in buffer
containing 20 mM Tris—Cl, pH 8.0, 200 mM NaCl, 0.5 mM
TCEP. The DAWN HELEOS II MALS detector (Wyatt Tech-
nology) and an Optilab T-rEX differential refractometer (Wy-
att Technology) were used to record the data. Analysis was
performed using the ASTRA 6 software (Wyatt Technology).
Graphs were plotted using GraphPad PRISM.

Native nanoESI-MS

Mass spectra were recorded on a Synapt G1 HDMS mass
spectrometer (Waters) set to an m/z range of 650-8000 and
calibrated internally using caesium iodide. Both EcN4 and
InN4 were dialysed into 20 mM ammonium acetate solu-
tion. 8 ul sample was pipetted into a borosilicate nano-emitter
(made in-house) and loaded onto the nano electrospray ion-
ization (ESI) source. Instrument conditions were optimized
for ion desolvation whilst minimizing denaturing the samples;
capillary voltage: 1.2 kV, sampling cone: 30 V, extractor cone:
0.3V, trap collision energy: 6 V, transfer collision energy: 8 V,
source temperature: 30°C, backing pressure: 2.12 mbar, trap
pressure: 1.11e-2 mbar, IMS pressure: 4.36e-4 mbar and TOF
pressure 1.26e-6 mbar. Data acquisition and processing were
performed in MassLynx 4.2 (Waters).

Electrophoretic mobility shift assays

2.5 nM of 5-Cy5 labelled fork was mixed with increasing
amounts of CtIP and CtIP variants in buffer containing 20
mM Tris-Cl pH 8.0, 100 mM NaCl, 1 mM DTT, 0.1 mg/ml
BSA, 5% glycerol. The mixture was incubated at room tem-
perature for a minimum 10 minutes before loading onto a 6%
native polyacrylamide gel. The samples were electrophoresed
for 35 min at 150 V in 1x Tris-borate~EDTA (TBE) buffer
and the bands were visualized using a Typhoon scanner (GE
Healthcare).

Fluorescence-based DNA binding assays

Anisotropy measurements were performed by titrating in-
creasing amounts of concentrated protein stocks into buffer
containing 20 mM Tris—Cl (pH 8.0), 20 mM NaCl, 1 mM
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DTT and 5 nM 5’-HEX labelled fork. A Horiba Jobin Yvon
FluoroMax fluorimeter was used to record the measurements
with excitation and emission wavelengths of 530 and 550
nm respectively. One-minute incubations were performed be-
fore recording each measurement and an average of two read-
ings was taken for each measurement. The binding curves
were plotted and analysed as detailed in (34). For the AN790
variant, fluorescence intensity scans were performed and the
change in intensity values at 550 nm were recorded and plot-
ted to calculate the binding affinity.

Magnetic tweezers DNA bridging assay
DNA substrates

Magnetic tweezers experiments were performed on two types
of DNA molecules: a ‘branched” DNA, which features two
short dsDNA fragments branching from the central dsDNA
segment, and an ‘unbranched” DNA, which lacked such
branching. The fabrication of these dsDNA constructs has
been described in detail in a previous work (435). Briefly, both
DNA designs are composed of a central dsDNA segment of
4292 bp (See Supplementary Table S2 for sequence) flanked
by two labelled handles. One handle (1 kb) is labelled with
digoxigenin to ensure the DNA immobilization onto the lower
surface of the flow cell, while the other one (140 bp) is bi-
otinylated for the attachment of a streptavidin-covered super-
paramagnetic bead. The branched DNA design differentiates
from the unbranched by two fork-terminated fragments, sepa-
rated by 689 bp, protruding from the central dsDNA segment.
Each fork-branch features two 20 nt-long polydTs linked to a
40 bp-long dsDNA fragment. See Supplementary Table S1 for
sequences of oligonucleotides.

Magnetic tweezers instrument

The magnetic tweezers equipment used in this work was sim-
ilar to others described in the literature (46,47). Briefly, the
equipment consists of a pair of permanent magnets and a
flow chamber arranged on top of an inverted microscope.
To create the flow chamber, a sandwich comprising an up-
per coverslip with two small holes (serving as inlet and out-
let), a double-parafilm spacer, and a lower coverslip cov-
ered with polystyrene is assembled and subsequently sealed
through the application of heat. For the experiments, DNA
molecules previously attached to superparamagnetic beads
were flushed onto the flow chamber and immobilized on
the chamber’s lower surface. The permanent magnets placed
above the flow chamber allowed the manipulation of the
tethered DNA molecules by attracting the superparamagnetic
beads. The inverted microscope is equipped with a high mag-
nification oil-immersion objective connected to a CCD camera
that records the position of the bead at 120 Hz. The distance-
dependent force applied on the DNA molecules was computed
from the Brownian excursions of the molecules (46). The ex-
tension of the DNA molecules was determined by comparing
images taken at different focal planes. In this setup, up to 40
molecules could be tracked simultaneously and forces up to §
pN were applied to 1 pm diameter beads.

In-chamber DNA Immobilization

First, the flow chamber was incubated at 4°C overnight with
25 ng/ul Digoxigenin Antibody (Bio-Rad) that adsorbed onto
the polystyrene-covered lower surface. When preparing for
an experiment, 8 ul of DNA (1.4 nM) diluted 1:300 in TE
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(10 mM Tris pH 8.0, 1 mM EDTA) was mixed with 20 pl
of 1 um-diameter magnetic beads (Dynabeads MyOne Strep-
tavidin T1, Thermo Fisher Scientific) diluted 1:10 in PBS-
BSA (PBS supplemented with 0.4 mg/ml BSA (New England
Biolabs)). During this step, the biotinylated handle of the
DNA constructs attached to the streptavidin-covered mag-
netic beads. After 10 min, the excess DNA in solution was
removed by trapping the beads with a magnet, discarding all
the volume and adding fresh PBS-BSA. After washing three
times, the DNA-beads were resuspended in 70 ul and flushed
into the flow cell. The handle labelled with digoxigenin in-
teracted with the anti-digoxigenin on the lower coverslip and
the DNA molecules stay immobilized. After 15 min, the excess
beads were washed away by flushing PBS (around 1 ml).

DNA bridging assay

To study the internal bridging of dsDNA a sequence of force
cycles was applied to the DNA molecules in the presence of the
proteins of interest. The sequence was the following: a short
starting step of 10 s at a 4 pN force, followed by five repeti-
tions of a relaxation step at 0.1 pN for 1 min and a pulling step
at 4 pN for 3 min. To start an experiment, the DNA molecules
were immobilized inside the flow chamber as described in the
previous section. In the next step, negative rotations were ap-
plied to the tethered beads at a force of 4 pN to identify
those that are attached to the surface by more than one DNA
molecule. These multiple-DNA tethers were discarded during
data processing. A full cycle of high/low force steps was first
performed on bare DNA molecules to confirm there is not
bridging interactions in the absence of protein. Then, the pro-
tein of interest was flushed into the flow chamber and let to
stabilize for a minute. Finally, the force sequence was applied.
All experiments were performed in 10 mM Tris-Cl pH 7.6,
20 mM NaCl, 1 mM DTT and 0.1 mg/ml BSA, with 4 nM
monomeric concentration of the protein of interest. Experi-
ments that did not show interactions, such as those of AC608,
ANS500 and AN790 were also performed at a higher concen-
tration of 20 nM to discard any concentration-derived effect.
Finally, 10 uM biotin (Sigma-Aldrich) was included in exper-
iments with proteins that contain strep-tags, such as AN500
and AN790.

Data processing

Datasets obtained from the magnetic tweezers’ experiments
are analysed using custom Python scripts. These datasets con-
tain the absolute extension of each molecule with respect to
time and force. The first step of the data processing is to trans-
form this absolute extension (z) to a relative DNA extension
(Az). This step reduces the impact of the variability between
absolute extension of the tethers (mainly arising from different
anchoring points). The resulting Az is the difference between
the extension at each timepoint with respect to the averaged
initial extended value. If Az is 0 um, the molecule maintains
its initial extension. Whereas Az < 0 um indicates reductions
in extension and Az > 0 um elongations. Data from multi-
ple DNA molecules and several repetitions are merged and
processed to obtain a global distribution of relative exten-
sions. The distributions are normalized so that the area un-
der the histogram is 1. The population size (number of DNA
molecules) for each protein condition is marked on each dis-
tribution as an N in the lower left corner. For the detailed anal-
ysis and classification of the events, a few parameters are ex-
tracted from each of the five pulling steps for each time course,
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for all molecules and CtIP variations. These parameters are the
initial extension, the final extension, and the rupture time. The
pulling steps last for 3 min, so the initial extension (time = 0
min) is defined as the averaged reduction in length measured
for the first 12 points of the pulling cycle, Azp, and the final
extension is the averaged reduction in length measured for the
last 12 points of the 3-min step, Az3.min. The rupture point is
defined as the moment a molecule recovers its original exten-
sion (=0.05 pum < Az < 0.05 um). The rupture time, or lifetime
of the bridging event, 7 is the time since the pulling starts un-
til the rupture point. These parameters are used to classify the
events following a specific criterion. Class I events are those
where the molecule is not bridged and the measured Az is
within an acceptance range for an extended molecule around
Az=0pm (-0.05 pm < Azp < 0.05 pm). Class II includes the
events in which the molecule is initially bridged and suffers an
eventual rupture before the end of the 3-min step. For Class
1I events, the measured Az is below and the Az3.p, is within
the extended molecule range (Azp < —0.05 pm and -0.05 um
< AZ3.min < 0.05 um). Class III represents the events that rup-
ture partially and never reach the extended state, so both Az
and Az3.min are below the extended range and there is a signif-
icant difference between the two extensions (Azg < —0.05 um,
AZ3min < —0.05 um and (Az3.min — Azp > 0.05 pwm). Finally,
both Class IV and Class V integrate all bridging events whose
extension is immutable for the entire 3-min step, so (Az3.min
— Azp) < 0.05 pm, where Class V events persist for more than
one consecutive cycle and Class IV are limited to one cycle.

Optical tweezers and confocal microscopy assay
DNA substrates

A detailed description of DNA substrate preparation for the
C-Trap experiments is given in the Supplementary Informa-
tion. Two types of DNA molecules were immobilized in the C-
Trap; a dsDNA molecule of 25 427 bp and a loop-containing
dsDNA consisting of a dsDNA tether of 21 915 bp with a
central loop of 18 968 bp. For the binding of labelled short
DNAs in trans, three types of molecules were prepared: two
fork DNA molecules labelled with ATTO488 or CyS5, and a
dsDNA small fragment of 139 bp labelled with ATTO488.
ATTOA488-Fork molecule features two 37 nt-long polydTs
with an ATTO488 label in the 5"-end of one of the branches,
linked to a 26 bp-long dsDNA stem. CyS-Fork molecule fea-
tures two single-stranded regions of 31 and 32 nucleotides
linked to a 60 bp-long dsDNA stem labelled with CyS5 in the
5 -end.

DNA binding and single-protein tracking assay

Single-molecule experiments were carried out using a dual op-
tical trap combined with confocal microscopy (C-Trap; Lu-
micks) (48) applying the same protocols and procedures as de-
scribed in (49,50). The buffer for trapping the beads and DNA
was 20 mM HEPES pH 7.8, 100 mM KCI and 5 mM MgCl,.
The length and integrity of the DNA molecules was tested
by performing force-extension curves in reaction buffer. Then,
the trapped DNA was moved to the protein channel contain-
ing 10 nM Bio-CtIP-AF635 for confocal imaging. Confocal
experiments employed a 635 nm excitation laser for the vi-
sualization of the AF-635 fluorophore, with an emission fil-
ter of 650-750 nm. The confocal laser intensity at the sam-
ple was set to 1.92 uW. To extend the lifetime of the fluo-
rophore, confocal imaging of single CtIP diffusion was per-
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formed in the presence of an oxygen scavenger system com-
posed by 5§ mM 3,4-dihydroxybenzoic acid (PCA) and 100
nM -protocatechuate 3,4-dioxygenase (PCD). For the analysis
of diffusion constants, DNA molecules containing more than
two CtIP particles were discarded. Imaging channels were pas-
sivated for 30 min with BSA (0.1% w/v in PBS) prior to the ex-
periment to prevent unspecific interaction of the protein with
the surface. Kymographs were generated by single line scans
between the two beads using a pixel size of 100 nm and a
pixel time of 0.1 ms, resulting in a typical time per line of
22.4 ms. Experiments were performed in constant-force mode
at 15 pN.

Data processing

We use custom Python scripts to access, visualize and export
confocal data from Bluelake (Lumicks) HDFS5 files obtained
from C-Trap experiments. The quantification of the individ-
ual trajectories of CtIP-AF635 was performed using a custom
LabVIEW program that provides the position of individual
CtIP proteins along the DNA for a given time (t) (49). The
length of the time courses was restricted to 2.5 s to increase
the statistical sample. The mean square displacement (MSD)
was then computed for a given time interval (At) and the dif-
fusion coefficient (D) calculated as described in (49,51,52). A
total of 115 trajectories was used for the diffusion coefficient
calculation.

Results

Design and purification of CtIP variants

To investigate how deletions of the CtIP C-terminal region af-
fect activity, we purified two variant proteins, named AC782
and AC608, in which the final 115 and 289 amino-acid
residues are removed from the protein respectively (Figure
1A). These were designed to be equivalent to the CtIP dele-
tions that occur in Seckel-2 and Jawad syndromes. We also
produced the point mutant R100W which is associated with
Seckel-like disease. Finally, we made three proteins with dele-
tions of the N-terminal region (named ANS500, AN541 and
AN790) which remove the first 499, 540 and 789 amino acids
of the protein respectively. The shortest of these (AN790)
was designed based on multiple sequence alignments and sec-
ondary structure predictions to preserve only the conserved
amino acids of the Sae2 domain (Supplementary Figure S1).
The constructs were all expressed and purified from insect
cells except for AN790 which was well-expressed in E. coli
(Figure 1B).

The CtIP disease variants tetramerise but cannot
bind to DNA efficiently

Previous studies using SEC-MALS and native gel elec-
trophoresis have shown that wild type CtIP protein is a sta-
ble tetramer, and crystallographic studies provide a structural
basis for this through a dimer-of-dimers arrangement of the
N-terminal parallel coiled-coils (38). Disruption of this inter-
face using the point mutation L27E is known to result in a
dimeric form of CtIP (34,38). Wild type CtIP and CtIP-L27E
(with native masses of 404 kDa and 202 kDa respectively) run
anomalously as widely dispersed smears on native gels (Figure
2A). Nevertheless, the dimeric L27E variant has a markedly
greater mobility than the tetrameric wild type protein. The
AC782 and AC608 deletion variants also ran as smears on
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these gels but with somewhat greater mobility than wild type
as might be expected based on their reduced length. The band
for CtIP-R100W appeared almost identical to wild type. Im-
portantly, all three constructs ran with a significantly reduced
mobility compared to the L27E dimer variant. These data sug-
gest that AC782, AC608 and CtIP-R100W retain their wild
type oligomeric state and confirms that they are all at least par-
tially folded. To measure the molecular weight of the variant
proteins we turned to SEC-MALS analysis (Figure 2B). Wild
type CtIP ran as a single symmetrical peak which returned an
average mass measurement of 384 kDa across the peak (close
to the theoretical mass for a tetramer of 404 kDa). The disease
variants also ran predominantly as single peaks with masses of
338, 262 and 376 for the AC782, AC608 and R100W pro-
teins respectively. These are close to the expected values of
352,272 and 404 for tetramers in all cases (compare the ex-
perimental mass data points with the expected mass dotted
lines on Figure 2B).

To analyse DNA binding by CtIP disease variants we em-
ployed electrophoretic mobility shift assays (EMSA) and flu-
orescence anisotropy. We used a forked DNA substrate (con-
taining a 25 bp duplex with 20 base 3'- and 5'- ssDNA over-
hangs) as we had established previously that this binds tightly
to CtIP (34). In EMSA, wild type CtIP completely shifted the
labelled DNA molecule yielding poorly defined bands within
the gel and the wells as observed previously ((34); Figure 2C).
The CtIP-R100W variant also bound to the DNA with slightly
higher concentrations of protein required to achieve a similar
degree of shifting. In contrast, DNA binding was detectable
but severely impaired in the AC782 variant and was unde-
tectable at the highest concentration tested in the AC608 vari-
ant. The same forked DNA substrate was used in quantitative
fluorescence anisotropy assays to produce binding curves for
the wild type and variant CtIP proteins (Figure 2D and E). The
wild type and CtIP-R100W data were well fit to a simple bind-
ing model to yield dissociation constants (Ky) of 66 and 115
nM, respectively (see Materials and methods for details). Bind-
ing was too weak to determine reliable Ky values for either of
the deletion variants. However, AC782 did show evidence for
partial binding at the highest concentration tested (400 nM)
whereas AC608 did not. The two DNA binding assays are in
broad agreement and show that R100W retains the ability to
bind DNA albeit with a ~2-fold reduced affinity compared
to wild type, whereas both AC deletion variants are severely
compromised in their ability to interact with DNA.

The CtIP AN variants bind to DNA but cannot
tetramerise

We next performed analogous experiments using the AN vari-
ants (Figure 3). The ANS500 protein was purified using SEC
and reproducibly eluted as two peaks outside of the void vol-
ume of the column (Supplementary Figure S2A). These sam-
ples were stored separately as AN500a and ANS500b. When
the ANS500a preparation was re-run on a SEC-MALS col-
umn, we observed the same two peaks (albeit not in the
same volume ratio) implying an equilibrium between two
oligomeric states that is established slowly. MALS analysis of
these two peaks showed that they represent monomeric and
dimeric populations (Figure 3A). The ANS541 construct be-
haved in a similar way, running as both a monomeric and
dimeric peak during SEC purification and SEC-MALS anal-
ysis (Figure 3A). In contrast, the AN790 construct ran as a
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Figure 2. The CtIP disease variants tetramerise but cannot bind to DNA efficiently. (A) Native blue PAGE analysis of disease variant CtIP proteins
(AC782, AC608 and R100W) in comparison to wild type and CtIP-L27E reference proteins which are known to form tetramers and dimers respectively.
Note that each variant runs similarly to wild type, with a larger apparent mass than the dimeric L27E mutant protein. This image has been uniformly
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The dotted horizontal lines on each graph show the expected masses for the indicated oligomeric states of the protein of interest. Note that all the
proteins run as tetramers. (C) Representative EMSA assays for wild type and variant CtIP proteins binding to a forked DNA substrate at the indicated
(monomer) concentrations. Note that binding by the AC782 and AC608 proteins is severely compromised. (D) DNA binding isotherms for CtIP disease
variants obtained by fluorescence anisotropy with a HEX-labelled forked DNA molecule. The R100WV variant displays slightly weaker binding than wild
type whereas the AC782 and AC608 are more severely compromised in agreement with the EMSA assays. (E) The data shown in panel D were fit to

yield the Ky values shown (see Methods for details).

single peak in SEC but produced equivocal SEC-MALS mea-
surements in which the apparent mass varied significantly
across the peak (ranging from 1.5-3.1 times the expected
monomeric mass; Supplementary Figure S2B). Therefore, we
also performed native mass spectrometry with this variant
which showed that it was monomeric (Figure 3B). Interest-
ingly, the experimental molecular mass for the AN790 con-
struct (15421.50 & 0.11 Da) was 63 Da greater than the ex-

pected mass for the monomeric polypeptide alone. This value
is consistent with the binding of a single zinc atom to each
AN790 monomer which may be co-ordinated by a C3H1 mo-
tif formed by conserved residues C813,C816,C835 and H838
(53), although this observation requires further experimental
scrutiny.

In EMSA experiments (Figure 3C), the ANS00 variant
shifted the DNA substrate at similar concentrations to wild
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Figure 3. The CtIP AN variants bind to DNA but cannot tetramerise. (A) SEC-MALS analysis of the AN500/541 proteins. The AN500 protein is resolved
as two peaks on SEC (which we call a and b, see main text). These were then individually re-run on a SEC column coupled to MALS analysis. Thin lines
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The data shown in panel E were fit to yield Ky for the interaction (see Materials and methods for details).

type but there was a qualitative change in the pattern of
bands observed. Unlike wild type CtIP, ANSO0-DNA com-
plexes formed discrete complexes within the gel, implying that
removal of the coiled-coils results in a more conformationally
homogenous system. EMSA gels for the ANS500 variant were
very similar regardless of whether material from SEC peak a
(dimer) or b (monomer) was used in the experiments. Binding
of ANS541 to DNA was weaker than WT and ANS500, but the
shifted bands again appeared more discrete than the smeared
bands that are always observed for wild type. The AN541a
sample displayed a higher affinity for DNA than AN541b,
possibly suggesting that a dimeric form of AN541 binds more
tightly to DNA than a monomer. Finally, the AN790 variant

shifted the forked substrate into the wells of the gel but with
a reduced affinity compared to wild type (Figure 3D).
Fluorescence anisotropy measurements were in broad
agreement with the gel shifts (Figure 3E and F). These showed
that ANS5S00 retained wild type DNA binding affinity, dis-
playing Ky values of 45 and 33 nM for material from peak
a and b respectively. Note that the wild type measurement
here (K4 = 37 nM) represents an independent biological re-
peat of that used in comparison with the AC variants above.
On this basis, the affinity of the AN500 variant for DNA
is the same within error as wild type. The AN541a and
ANS541b variants bound to DNA less tightly than CtIP-WT
with Ky values of 210 and 960 nM, respectively. Interaction
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of AN790 with Cy5-fork DNA resulted in a large fluores-
cence quenching, which is also apparent in the EMSA gels,
implying that its mode of binding is qualitatively different
to other variants. Binding isotherms were generated by ex-
ploiting this fluorescence quenching and yielded a Ky value
of 270 nM. Since the AN790 construct behaved differently
in fluorescence-based binding assays compared to wild type
and other variants, we performed additional site-directed mu-
tagenesis experiments to confirm the observed binding was
a property of the CtIP deletion mutant itself rather than a
contaminant. The AN790 protein retains a conserved argi-
nine residue (R839) that has been shown to be important for
DNA binding in wild type CtIP (34,40,41). Substitution of
this arginine to alanine within the AN790 variant reduced its
affinity for DNA measured either by EMSA or fluorescence
anisotropy (Figure 3E and F). Together, these data implicate
the conserved Sae2-like domain as a major DNA binding site
in CtIP (Supplementary Figure S1). This important region of
the protein includes residues crucial for DNA binding, a puta-
tive Zn>* binding site of unknown function and significance,
as well as a protein-protein interaction locus for Nbs1 that is
regulated by phosphorylation. Remarkably, removal of the ex-
treme C-terminal part of this construct that is responsible for
Nbs1 interaction yields a protein encoding only amino acids
800-843 of CtIP which retains moderate DNA binding affin-
ity (see Supplementary Figure S1 and legend).

Only full length CtIP promotes efficient bridging of
distant DNA segments

In a previous work, we used Atomic Force Microscopy (AFM)
to directly observe the bridging of DNA molecules by CtIP and
found that dephosphorylated CtIP (A-CtIP) was more effec-
tive in bridging DNA molecules than untreated WT-CtIP (34).
However, this imaging-based assay was semi-quantitative and
we were unable to provide information on the stability and
kinetics of CtIP-mediated bridging. To better characterize and
compare the DNA bridging ability of the wild type and differ-
ent CtIP variants, we used magnetic tweezers to study protein-
mediated interactions between distant DNA segments by cy-
cling between an extended and relaxed state of the DNA and
monitoring reductions in the extension of the molecules due to
protein bridging. For these experiments, we fabricated DNA
molecules of ~4.3 kb with two modified ends, which were se-
lectively attached to a glass surface and a superparamagnetic
bead. This arrangement enables the application of force to the
DNA molecule using a pair of magnets (Figure 4A). To test
for DNA-bridging by CtIP, we cycled between high (4 pN, 3
min) and low (0.1 pN, 1 min) force regimes. Bridging events
occurring during the low-force phase are revealed when the
application of high force fails to return the substrate to its full
extended conformation (Az, reduction in DNA extension, Fig-
ure 4A). This provides the basis for a single-molecule DNA
bridging assay which can quantify DNA bridging efficiency
and measure the kinetics of un-bridging. For most of the ex-
periments presented here we used a fixed concentration of 4
nM CtIP. As will become apparent below, and as explained
and justified in Supplementary Figure S3, this low concentra-
tion of CtIP yielded a high proportion of bridging events that
were likely caused by the activity of individual CtIP tetramers.

Both WT-CtIP and A-CtIP effectively promoted the interac-
tion between distant DNA segments of a tethered DNA (Fig-
ure 4B). Raw data obtained from magnetic tweezers experi-
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ments are time-courses of DNA extension while cycling be-
tween high and low applied force. In these representative ex-
amples, we observed that, in some high-force steps of each
cycle, the tether could not reach the nominal extension of
the DNA determined in the absence of protein (dotted line
in Figure 4B, see Supplementary Figure S4 for other represen-
tative time courses). We interpreted this as the intramolecular
bridging of two parts of the same DNA molecule mediated
by CtIP. Interestingly, while some high-force steps displayed
sudden increases of extension to recover the original DNA
tether length, many also displayed a continuous increase of the
extension over time, which eventually reaches a stable value.
These events can be interpreted as originating either from the
breakage of individual CtIP-dependent bridges, or from the
continuous breakage of multiple DNA-bridged interactions. A
more detailed classification of the types of interaction events
we observed and associated analyses are given below.

Our assay allowed us to follow tens of beads simultane-
ously and to perform a statistical analysis of Az measured in
the high-force step over all the molecules (Figure 4C). Data
for WT- and A-CtIP showed a clear tail in the extension dis-
tribution consistent with the reductions in length observed in
individual time-courses (Figure 4B and C, see Supplementary
Figure S4 for other representative time courses). Interest-
ingly, A-CtIP showed a higher capacity to interact with dis-
tant remote sites, with some length reductions bigger than
1 um. Note that CtIP dephosphorylation does not alter its
oligomeric state, and so this enhanced bridging most likely
reflects the improved DNA binding properties of this variant
(34). Experiments using CtIP variants with impaired DNA
binding (AC608) or tetramerization (AN500/AN790) re-
sulted in a signal comparable to the no protein control (Figure
4C). The disease-related variants AC782 and R100W showed
impaired but nevertheless significant bridging which will be
explored in greater detail below. Together, these data indicate
that CtIP can bridge distant parts of the same DNA molecule
and that efficient bridging requires both the DNA binding and
tetramerization activities of CtIP.

We classified the different types of interactions observed in
multiple time-courses for each of the different proteins, defin-
ing five types of events for each force cycle in order of in-
creasing bridging stability. Class I events are those in which
the DNA returns immediately to its full extension and there
is no interaction (Figure 5A-I). Class II are those in which a
bridging event is initially observed but this ruptures within the
high-force step to recover the original DNA extension (Figure
SA-II). These events likely represent individual bridging inter-
actions mediated by CtIP with a lifetime defined by T and are
analysed in greater detail below. Class III are bridging events
with partial ruptures, where the full extension is not recovered
within the high-force step, indicating the presence of multiple
bridging events on the same DNA tether (Figure SA-III). Class
IV represents bridging events that do not rupture at all during
the high force step (Figure SA-IV). Finally, Class V are those
exceptionally stable events where bridging is retained for more
than one force cycle but for less than the entire experimental
timecourse (five cycles; Figure SA-V). An analysis of how the
frequency of these event classes is related to protein concentra-
tion is shown in Supplementary Figure S3. These data reveal
that Class II events, which we interpret as individual bridge
breakage, are far more frequent at low concentrations (4 nM)
whereas use of higher [CtIP] results in a larger proportion of
Class III-V events.
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WT-CtIP and A-CtIP interactions were mostly classified as
Class II and III (Figure 5B). However, partial ruptures (Class
III) were much more frequent for A-CtIP. This probably reflects
the presence of multiple proteins simultaneously bridging sec-
tions of the same DNA, such that breakage of a fraction of the
tethers does not result in the full extension of the DNA and is
consistent with a higher affinity observed between A-CtIP and
DNA (compared to wild type) (34). The average lifetime of
the Class Il interaction was 26.3 s for WT-CtIP and 33.9 s for
A-CtIP (Supplementary Figure S5). From the lifetimes of all the
events, we determined the cumulative probability of a rupture
as a function of time. In the absence of protein, most of the
molecules are fully extended (90% probability) after 30 s of
pulling, whereas in the presence of WT-CtIP there is a 75%
probability reducing to 65% for A-CtIP (Figure 5C). There-
fore A-CtIP is not only more efficient in binding and forming

the intermolecular tethers between DNA segments, but also
forms bridges which are subsequently more resistant to break-
age compared to WT-CtIP.

As the bridging of DNA segments occurs during the low-
force step, the initial extension for the first time-points of each
high force step reveals whether (or not) successful bridging
initially occurs, defining an event as Class II or higher (Fig-
ure SA). Interestingly, the AC782 and R100W variants pre-
sented a fraction of Class II events that was comparable to
WT- and A-CtIP (Figure 5B). However, a detailed analysis of
the initial Az value for AC782 revealed mainly short-range
bridges which break prematurely (average lifetime = 17.5 s,
Figure 5C-D and Supplementary Figure S5)). Thus, although
bridging of DNA by AC782 is possible, it is highly impaired
in comparison to WT-CtIP and more susceptible to the appli-
cation of force. R100W bridges somewhat larger segments of
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DNA but also displays a shorter average lifetime (18 s; Figure
5C, D and Supplementary Figure S5). The N-terminal deletion
variants failed to support bridging, displaying mostly Class I
events comparable to the no protein control (Figure 5B-D and
Supplementary Figure S35).

Because CtIP is involved in the repair of DSBs, we next
asked whether CtIP could tether broken DNA ends more ef-
ficiently than the bridging of internal DNA segments we have
observed above. To address this question, we modified the
DNA substrate held in the tweezers to contain DNA branches
terminating in forked DNA ends and repeated the bridging
experiments as before (Supplementary Figure S6A). We again
observed CtIP-dependent DNA bridging, but there was no ev-
idence of a prominent Az peak at the expected distance of
-0.2 pm that would indicate a specific end-to-end bridging
of the fork ends (Supplementary Figure S6B-C, see legend for
further details). This observation is consistent with our analy-
ses above and with previous work which suggested that CtIP
has no special affinity for free DNA ends per se but may be
retained better on DNA containing blocked ends consistent
with DNA sliding (34).

Non-specific CtIP-DNA interactions underpin rapid
and processive 1D diffusion

To characterize the binding of CtIP to DNA directly, we im-
aged the protein interacting with a long duplex molecule us-
ing a combination of optical tweezers and confocal fluores-
cence microscopy (C-Trap, Lumicks) (48). For these experi-
ments, we engineered a long DNA molecule (~25 kb) with
biotin-labelled ends. This design enabled the association of
two streptavidin-coated micron-size beads, each held within
its respective optical trap (Figure 6A). After conducting con-
trols to confirm the expected length and integrity of the DNA,
we moved the molecule, which was held at a constant force of
15 pN, into a channel containing 10 nM AlexaFluor™ 635-
labelled CtIP. Labelling of CtIP was achieved by incubating
biotin-labelled CtIP (Bio-CtIP) with the Streptavidin Alex-
aFluor™ 635 conjugate (see the Materials and methods for
details). We then recorded the fluorescence of a region of in-
terest that included the tethered DNA and both beads (Figure
6B). We also conducted confocal line scans between the beads
at a rate of 22 ms per line. These line scans enabled us to
generate kymographs, showing the direct binding and move-
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Figure 6. Non-specific CtIP-DNA interactions underpin rapid and processive 1D diffusion. (A) Cartoon of the experiment in which a dsDNA molecule is
immobilized between two optically trapped beads and held at 15 pN. Fluorescently-labelled CtIP was detected using a confocal microscope coupled to
the dual optical tweezers. (B) Confocal scan of a DNA molecule densely covered by CtIP proteins after one-minute incubation with 10 nM CtIR (C)
Kymograph of CtIP non-specifically bound to dsDNA. (D) Confocal scan of a DNA molecule sparsely covered by CtIP proteins after ten-second incubation
with 10 nM CtIP (E) Kymograph of individual CtIP particles diffusing along DNA. (F) Diffusion constants of CtIP obtained from individual CtIP trajectories.

ment of CtIP on the DNA (Figure 6C). CtIP exhibited efficient
non-specific binding throughout the DNA molecule such that
full DNA coverage with 10 nM CtIP was achieved within one
minute. Therefore, to capture individual protein dynamics, we
restricted the incubation time to a few seconds and quickly
moved the tethered DNA to a channel devoid of protein. In
addition to limiting CtIP binding, this procedure also reduced
the fluorescence background in the confocal images, allow-
ing us to observe the behaviour of single CtIP particles, as
depicted in Figure 6D. Under these conditions, kymographs
showed that individual particles explored the entire length of
the tether in a random manner (Figure 6E). Moreover, these
excursions of CtIP on the DNA typically persisted for sev-
eral minutes, reflecting a stable interaction. Because CtIP is a
monodispersed tetramer in solution and we are working with
low concentrations (below K4 for DNA interaction) (34), we
presume that each particle represents a single diffusing CtIP
tetramer. However, since our labelling procedure (see Meth-
ods) is expected to result in CtIP molecules with a large and
variable number of conjugated fluorophores, we are unable to
use photobleaching to confirm this stoichiometry. Therefore,
we cannot exclude the possibility that the diffusing CtIP par-
ticles we observe contain more than one tetramer.

Analysis of individual trajectories following published pro-
cedures (49,51,52) allowed us to determine the diffusion con-
stant of CtIP, D = 3.9 + 0.2 um? s~! (mean & SEM) (Figure
6F, and Supplementary Figure S7). Notably, this diffusion con-
stant is relatively high, compared to other proteins analysed
using the same methodology, e.g. ParB (10-fold), SMC5/6 (4-
40-fold) or BRCA2 (100-fold) (49,54,55). This likely reflects
a soft interaction with the DNA, likely through the backbone.

These experiments provide further direct evidence of the ef-
ficient non-specific binding of CtIP to DNA and show that
CtIP particles exhibit random and highly-processive 1D dif-
fusion suggesting a potential mechanism for bridging distant
parts of the DNA.

Direct observation of CtIP-dependent DNA bridging

In the imaging experiments described above, the DNA was
held at a force which is non-permissive for bridging. To ob-
serve the CtIP-dependent tethering of DNA segments more di-
rectly, we next performed experiments using additional short
DNA molecules added in #rans. CtIP adopts an extended
dumbbell architecture in which it is thought that DNA binding
domains reside at the opposite ends of long (~30 nm) inter-
vening coiled coils (34). Under these conditions, we wondered
if both C-terminal DNA loci were simultaneously engaged
with DNA during diffusion or, alternatively, whether the mov-
ing CtIP molecules contained one or more unsatisfied DNA
binding loci. To address this, we asked whether diffusing CtIP
was able to bridge to additional untrapped DNA segments in
trans (Figure 7) by studying co-migration of CtIP with DNA.
We first performed experiments using unlabelled CtIP in the
presence of a free Cy5-fork DNA to be sure that any in trans
interaction was not affected by, or caused by, the CtIP labelling
strategy (Supplementary Figure S8A left). We then visualized
labelled CtIP with ATTO488-labelled DNA and observed co-
diffusion of the two species on the longer (unlabelled) trapped
DNA (Figure 7A and Supplementary Figure S8A right). This
behaviour was infrequent but seen with all conditions and
substrates tested. We conclude that CtIP can diffuse on DNA
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Figure 7. DNA bridging in trans and in cis mediated by CtIP (A) The DNA was placed in a channel containing 10 nM AF-CtIP and 10 nM of a labelled
dsDNA fragment to visualize the colocalization of both. (B-D) DNA bridging in cis using a DNA containing a loop. (B) Schematic cartoon of the DNA used
in this assay. An ~19 kbp loop is placed in the centre of the trapped DNA molecule and fluorescent CtIP binding is imaged. (C) Example of a folded loop
after incubation with CtIP in the absence of flow. (D) Example of a partially folded loop after incubation with CtIP in the absence of flow.

while maintaining a free DNA binding site. However, as ex-
plained above, we cannot completely exclude the possibility
that the diffusing CtIP protomers consist of more than one
tetramer.

Finally, to directly observe bridging in cis, we investigated
the effect of CtIP on trapped DNA molecules containing large
internal DNA loops (Figure 7B). For this experiment a teth-
ered DNA was introduced into a channel containing labelled
CtIP with perpendicular flow to stretch out the loop struc-
ture. The flow was then stopped to allow the loop to come
into proximity with the rest of the DNA for 1-10 min with-
out laser excitation. To test for bridging, the flow was then

restarted, and the trapped DNA was scanned. The loop was
frequently observed to fold back, contacting the stretched
parts of the DNA molecule in a CtIP-dependent manner (Fig-
ure 7C). In some cases, the loop also appeared to be partially
condensed, presumably by intra-loop bridging (Figure 7D). To
discard any effect arising from the labelling of CtIP using AF-
streptavidin, we performed a control experiment using unla-
belled CtIP and the fluorescent DNA intercalant Sytox Or-
ange and observed the formation of very similar structures
(Supplementary Figure S8B). These experiments confirmed the
ability of CtIP to bridge two segments of DNA within the same
molecule.
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Figure 8. A model relating CtIP architecture to its DNA binding and
bridging properties. Schematic summarizing our results for wild type CtIP
and variant proteins and their interpretation (see text for details). Colour
coding is the same as in the Figure 1 primary structure diagram. Wild
type CtIP (top row) is a tetrameric protein which can both bind DNA and
efficiently bridge DNA molecules in trans. The protein adopts a dumbbell
architecture where the N-terminal domains (NTD, blue) form a
tetramerization interface at the centre of the dumbbell, with dimeric
coiled coils (grey) extending away from the centre to the main body of
the protein which forms a dimeric assembly consisting of the central
disordered region (white) and the C-terminal Sae2-like domain (CTD, red).
Single DNA molecules bind to each end of the dumbbell principally via
the CTD and possibly supported by the DR motif (yellow). The AC782
variant is equivalent to the variant produced in Seckel-2 disease and lacks
the C-terminal Sae2-like domain. The protein is tetrameric, binds DNA
very poorly, and consequently cannot bridge DNA effectively. Similarly,
the ACB08 variant, which is associated with Jawad syndrome and lacks
both the CTD and the DR motif, cannot bridge DNA due to its complete
inability to bind DNA. The AN500 variant binds DNA as well as wild type.
It cannot however bridge DNA molecules in trans as it lacks the NTD,
cannot tetramerize, and instead exists as a mixture of dimeric and
monomeric species. Similarly, the AN541 variant is unable to bridge DNA
as it cannot tetramerize. Its DNA binding ability is somewhat
compromised which may reflect the partial loss of the DR motif. The
AN790 variant, equivalent to the CTD domain alone, is proficient in DNA
binding but cannot bridge DNA as it is monomeric. Nd = not determined.

Discussion

In this work, we investigated the structure:function relation-
ships which govern the oligomerisation, DNA binding and
DNA bridging activities of CtIP; a protein which plays a key
role in initiating DSB repair by homologous recombination.
By comparing proteins with point mutations or which lack
different N- and C-terminal regions of the protein we find that
the C-terminal portion of the protein is responsible for DNA
binding (Figure 8). A construct with the final 397 amino acids
of the protein (ANS500) has the same DNA binding affinity
as wild type, and a construct retaining just 107 amino acids
(AN790) also binds DNA albeit with moderately (~4-fold)
reduced affinity. This view is corroborated by CtIP variants
containing C-terminal deletions which mimic variants of CtIP
found in Seckel-2 and Jawad disease. Removal of the final 125
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amino acids dramatically reduces DNA binding, and removal
of the final 289 residues eliminates binding at the limit of sen-
sitivity in our assays. Together, these data suggest that the ma-
jor DNA binding domain resides in the C-terminal Sae2-like
domain.

Somewhat unexpectedly, we found that the AN790 variant
(essentially just the Sae2-like domain) was monomeric (Fig-
ure 8). In previous work we showed that tetrameric CtIP-WT
protein bound tightly to two forked DNA molecules and had
interpreted that result as suggesting that the DNA binding do-
main(s) would dimerize to form a functional unit. However,
although this work defines a minimal DNA binding domain
in CtIP that can interact with DNA effectively as a monomer,
it does not exclude the possibility that two such domains act
together to form a continuous DNA binding surface in the
context of the tetramer. Our observations are consistent with
previous work which established that mutation of a conserved
‘RHR’ motif in the Sae2-like domain reduces DNA binding
affinity (34,40,41). Our DNA binding data also suggest that
optimal interaction requires amino acids residing in the re-
gion 500-782. In particular, the tighter binding displayed by
ANS500 compared to ANS541 highlights a potential role for
amino acids between 500-541. This region contains part of
the ‘DR’ motif, including residues K513 and K516, which
have been implicated previously in DNA binding (42). Note
that the AC608 variant, which retains the DR motif, is unable
to bind DNA detectably in our assays. Therefore, although
this region may contribute to the overall stability of the DNA
interaction either directly or indirectly, it appears insufficient
alone to facilitate tight binding. Primary structure analysis and
current folding algorithms fail to provide confident insights
into CtIP structure beyond the N-terminal coiled-coils (for
which models are already available from crystallography) or
very small regions of the C-terminus (56,57). This probably
reflects the extensive disorder that is predicted in C-terminal
regions of this enigmatic protein. In this respect, we hope that
the definition of a minimal DNA binding locus associated
with the small and conserved Sae2-like domain may provide a
tractable target for hybrid structural approaches in the future.

Wild type CtIP not only binds DNA but can also efficiently
bridge DNA segments in trans, a property that is likely to
be crucial in its proposed role as a hub protein for initiating
DNA repair at breaks. In this work we employed a quantita-
tive assay for CtIP-dependent bridging related to the molec-
ular forceps assay that has previously been applied to non-
homologous end joining factors (45,58-60). Only full length
CtIP constructs were capable of efficient DNA bridging and
did so without any strong preference for tethering ends (Fig-
ure 8). Dephosphorylated CtIP presented a higher efficiency
of bridging consistent with tighter DNA binding affinity (34).
CtIP-dependent DNA bridges were stable even at moderate
opposing forces, an observation which lends credence to the
idea that CtIP-dependent DNA tethering may help to orches-
trate DNA break repair by maintaining the proximity of the
participating molecules. As was to be expected, the AC vari-
ants (that bind to DNA poorly or not at all) did not bridge
DNA molecules. These variants mimic the proteins produced
in Seckel-2 and Jawad syndromes and this result is therefore
consistent with the idea that defective DNA bridging may con-
tribute to the disease phenotype. Importantly, we also found
that the AN variants, which retain DNA binding at near wild
type (ANS500) or reduced affinities (AN541 and AN790), are
incapable of DNA bridging. These results indicate that DNA
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binding is required but not sufficient for bridging and that the
successful tethering of the DNA also requires tetramerization.
The properties of the R100W mutant were especially interest-
ing. This mutant, which is associated with Seckel-like disease
and breast cancer, tetramerizes normally and has a mild DNA
binding defect, yet bridging is rather severely compromised.
The mutation is in the coiled coil domains of CtIP, close to a
conserved Zn?* binding site, but nowhere near any of the pro-
posed DNA binding loci (39). Therefore, the impact of this
mutation on DNA bridging (and to a lesser extent binding)
might be explained by allosteric effects associated with the
structural integrity or dynamics of the coiled coils. The CtIP
tetramer forms a particle with a dumbbell architecture that is
held together by a dimer-of-dimers interface formed by the N-
terminal coiled-coil domains. A simple interpretation of our
data is that the distal ends of the dumbbell form the major
DNA binding sites that are dimeric in nature but retain DNA
binding affinity as monomers (Figure 8). It is possible that the
relative orientation of the DNA binding domains or the flex-
ibility of the intervening coiled coils are also important for
efficient bridging.

The importance of CtIP-dependent DNA bridging for DNA
end resection, strand exchange and subsequent steps of re-
combination is yet to be fully defined. However, it is known
that point mutations which prevent CtIP tetramerization (and
therefore bridging) are non-functional iz vivo (38). Moreover,
evidence has been presented to show that CtIP orthologues
are important for maintaining cohesion between DNA ends
and the sister chromatid during recombination at single-ended
DSBs, and that CtIP helps to maintain co-incident resection
of free DNA ends during repair of two-ended DSBs (36,37).
These activities are also promoted by CtIP’s binding partner,
the MRN complex, which is also a multivalent DNA binding
protein that can tether DNA at the ends of intervening coiled-
coil structures (61,62). This may suggest that co-operation be-
tween these two proteins extends beyond initiation of DNA
cleavage during end resection to a more structural role in or-
chestrating the complex DNA transactions associated with re-
combination. In the future, it will be interesting to explore
further the physiological significance of CtIP-dependent DNA
bridging during homologous recombination.
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